A quantitative theory of the middle-ear acoustics is developed and expressed in terms of an electric analog.
INTRODUCTION
FTER four centuries of empirical research on the middle ear, • our knowledge of its acoustic properties seems to be approaching an asymptote. We went through periods of pure speculation, pseudotheories, working hypotheses, rugged empiricism, and it is possible that we reached a stage where an integratire theory is within our reach. By theory is meant here a formal system based on empirical evidence and concerned with interpolation among experimental data rather than with extrapolation--in other words, a system that shows how various experimental results fit together. This paper describes an attempt to produce such a theory. The procedure used is similar to that of a jigsaw puzzle where, at the end of many trials, a coherent picture emerges. The pieces of the puzzle are bits of information produced by various kinds of research ranging from anatomy to physiology and acoustics. Experiments on living subjects as well as on postmortem preparations are included.
There is one important difference between a jigsaw puzzle and piecing together a scientific theory. Whereas, in the first instance, all pieces are made to fit exactly for all practical purposes, in the second, the fit is usually much less perfect and some pieces do not seem to fit anywhere. The effect of a certain noise in the system is compensated to some extent by redundancy. Nevertheless, some blurred spots remain in the final picture.
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Fro. 1. Schematic of the middle-ear mechanism.
equally large displacements of the membrane of the round window. B•kdsy 2 has shown that at low and medium frequencies the major central portion of the eardrum moves nearly as a rigid body and with the same amplitude as the part of the malleus attached to it. The eardrum appears to rotate around its upper edge--a mode of motion facilitated by a flexible fold near its lower edge. Nevertheless, not the entire membrane moves with the same amplitude. Toward the edges, the motion decreases to zero. Also, due to their flexibility, parts of the eardrum can move even after a complete fixation of the ossicles. At high frequencies, the mode of motion changes and different sections vibrate in different phases. = All this means that, although the coupling between the eardrum and the malleus is close, it is not perfect, and some of the acoustic energy activating the eardrum is not transmitted to the ossicles.
Further energy losses may be expected in the ossicular joints which are not completely rigid. This is particularly true for the frail incudo-stapedial joint. a Its pronounced flexibility becomes apparent from the following observations. After a complete fixation of the stapes through an otosclerotic ossification, it is possible to move the incus without much effort. In normal conditions, the incus and the stapes rotate around two different axes that are almost perpendicular to each other. A contraction of the stapedius muscle may change the plane of stapedial rotation by ninety degrees. = Finally, the extremely small cross-sectional area of the joint must lead to high stresses during sound transmission. Such stresses would produce noticeable deformations even in a material with a high constant of elasticity.
By contrast to the incudo-stapedial joint, the malleoincudal joint appears robust, and it may be assumed that the two ossicles move as one unit? They appear to rotate around their point of gravity so that the effective mass of the system is reduced to a minimum? . 4 The ossicles are held in place by ligaments and two muscles, the tensor tympani and the stapedius. The tensor tympani is attached to the hammer; when con- tracted it pulls the eardrum toward the middle ear. The stapedius is attached to the stapes and pulls this ossicle sideways. While the acoustic effect of the tympanic muscle is uncertain, that of the stapedial muscle is noticeable. It produces a change in the impedance measured at the eardrum and in the transmission characteristic of the ear. s
The eardrum, the ligaments and the muscles of the middle ear, the ligaments holding the stapedial foot plate in the oval window, and the elastic properties of the round-window membrane provide the middle-ear system with stiffness and introduce some frictional resistance. The main resistive component is contributed by the input impedance of the cochlea. • Motions of the eardrum are transmitted to the ossicular chain as well as to the air-filled cavities of the middle ear. As a consequence, these cavities affect the acoustic characteristics of the middle ear and should not be ignored. From the acoustic point of view, they may be divided into three parts: the tympanic cavity immediately behind the eardrum, the epitympanum which extends upward from the tympanic cavity, and the more or less extensive system of pneumatic cells of the temporal bone which communicate with the other cavities through the antrum. Most of the epitympanum is filled by the body of the ossicles, so that only a narrow passage remains between the tympanic cavity and the antrum with the adjoining pneumatic cells. Seen from the ear- Consequently, further experiments were undertaken. They included acoustic measurements on the four temporal bones and on patients with a reflected 'eardrum. Most of these measurements were performed by means of an acoustic bridge of the Schuster type) On one temporal bone, the sound pressure produced in the ear canal by means of a high-impedance source was measured directly and compared to that produced in a standard cavity. ø In this method, the volume to be determined is equal to the product of the standard volume and of the sound-pressure ratio. From bridge measurements on the temporal bones, the following volumes of the middle-ear cavities were obtained: 2. The malleal structures consist of the malleus, the ligaments holding it in place, the tensor tympani, and the portion of the eardrum that vibrates with the same amplitude and phase as the malleus. The whole structure can be approximated in the electric analog by a series connection of a capacitance, a resistance, and an inductance.
At low frequencies, the portion of the eardrum that is not coupled directly to the malleus can be represented by a capacitance in series with a resistance? At higher frequencies, the mass of the eardrum becomes effective, and an inductance must be added to the circuit. At still higher frequencies, the eardrum vibrates in sections, and a complex electrical network is required. A transmission line would probably constitute the best analog. However, it could be demonstrated that the simplified circuit of Fig. 4 is sufficient for low and medium frequencies. The agreement between the experimental data and the analog results may be considered satisfactory. This is particularly true for the reactance. In the resistance data, a discrepancy appears in the vicinity of 1000 cps.
While the resistance measured in the ear seems to decrease with frequency, the resistance of the analog increases. The latter effect is in agreement with anatomical considerations, and it is possible that the decrement in the experimental resistance data is due to an artifact. Onchi 7 points out that sound absorption in the ear canal may be the cause. In his experiments, the effect of the ear canal could be eliminated, and the resistance shows an upward trend similar to that of the analog.
A method of determining the network elements was described in a previous paper in which a highly simplified electric analog of the middle ear was discussed. Although, with increasing amount of information it became possible to devise more refined models, the basic method remained the same. As a consequence, there is no need for its renewed discussion at this place. The mass component of the inner ear cannot be determined directly from BCk6sy's experiments, since the conditions prevailing at the oval window may have been altered during the experimental procedure. However, it may be estimated from anatomical sections that the column of perilymph between the oval window and the cochlea proper does not exceed 2 mm. Since the average area of the stapes foot plate has been estimated to be 3.2 mm 2, the mass of the effective perilymph column should amount to approximately 6.4 mg. This value is increased by the mass of the stapes (2.5 mg) • to 8.9 mg. In order to obtain the acoustic mass, the latter figure must be divided by the area of the stapes squared. The calculation yields 8.7 g/cm 4. The equivalent acoustic mass referred to the impedance at the eardrum is obtained by division by the square of the acoustic From the analysis of M½ller's work, there emerges an interesting conclusion that the middle-ear structure effectively prevents any motion of the ossicles other than rotation around an axis passing through, or at least near, the center of gravity of the malleo-incudal complex?
Another model of the middle ear has been suggested by Onchi. 7 It was presented for the first time in 1949 as a mechanical analog? In a recent paper, Onchi shows a conversion of the mechanical analog into an electrical one. The electrical version is based on essentially the same assumptions that underly the analog of this paper, and, as a consequence, the general structures of the two analogs are similar. Nevertheless, there are some differences that should be mentioned. They concern mainly the portion of the eardrum that is not rigidly coupled to the malleus, and the incudo-stapedial joint. Both systems are represented by a capacitance in Onchi's paper. Such a simplification should be permissible for the eardrum at low frequencies. In the frequency range above 1000 cps, a more complex network appears necessary. In the incudo-stapedial joint, where the lenticular process of the incus moves relative to the head of the stapes, friction must arise. It should be represented in the electrical analog by a resistance. Impedance measurements on otosclerotic ears indicate that this resistance is substantial.
It is not possible to make a comparison with Onchi's analog on a quantitative basis, since Onchi omitted giving the numerical values of his elements. However, judging from his impedance data, a considerable disagreement would result. These data, obtained on ear preparations, show much higher impedance values than those encountered in the ears of living subjects with normal hearing. Onchi's explanation that the low impedance measured on living subjects is due to the acoustic conditions in the ear canal does not seem acceptable, since a high impedance is found in otosclerotic patients. It appears far more probable that post-mortem changes account for the high impedance of Onchi's specimens.
